A complete grazing-incidence X-ray scattering (GIXS) formula has been derived for nanopores buried in a polymer dielectric thin film supported by a substrate. Using the full power of the scattering formula, GIXS data from nanoporous polymethylsilsesquioxane dielectric thin films, a model nanoporous system, have successfully been analysed. The nanopores were found to be spherical and to have a certain degree of size distribution but were randomly dispersed in the film. In the film, GIXS was confirmed to arise predominantly via the first scattering process in which the incident X-ray beam scatters without reflection; the other scattering processes and their contributions were significantly dependent on the grazing angle. This study also confirmed that GIXS scattering can be analysed using only independent scattering terms, but this simple approach can only provide structural parameters. The cross terms were found to make a relatively small contribution to the intensity of the overall scattering but were required for the complete characterization of the measured two-dimensional scattering data, in particular the extracted out-of-plane scattering data, and their inclusion in the analysis enabled film properties such as film thickness, critical angle (i.e. electron density), refractive index and the absorption term to be determined. research papers J. Appl. Cryst. (2013). 46, 466-475 Rho, Ahn, Yoon and Ree Nanostructures in porous thin films 467 research papers 468 Rho, Ahn, Yoon and Ree Nanostructures in porous thin films J. Appl. Cryst. (2013). 46, 466-475 supported on a silicon substrate:
Introduction
Polymeric nanomaterials have attracted significant attention from academia and industry over the past two decades because of their potential in many applications and areas of research (Moriarty, 2001; Rao et al., 2006; Roduner, 2006) . In general, the properties of nanomaterials differ significantly from those of macroscopic bulk states for two main reasons: large surface areas and quantum effects (Roduner, 2006) . Furthermore, their properties are highly dependent on morphological parameters such as size, shape, ordering, orientation, interface structure, roughness and defects. Any change in these morphological parameters gives rise to a broadening of the distribution of properties. Therefore, it is essential to characterize these quantities precisely as functions of the nanostructure fabrication parameters, including substrate quality and temperature. The morphological and structural properties of nanomaterials are usually determined using techniques such as laboratory X-ray diffraction, trans-mission electron microscopy, high-resolution scanning electron microscopy, atomic force microscopy and synchrotronradiation-based X-ray scattering techniques (Wang, 2000; Yoon et al., 2004; Rao et al., 2006; Park et al., 2007; Chung et al., 2009; Ahn et al., 2010; Takahashi et al., 2010; Jung, Kim et al., 2011; Jung, Park et al., 2011; Kim et al., 2011; Ohshimizu et al., 2011) . These techniques all have advantages and drawbacks and are thus complementary. Advances in these characterization tools have enabled nanomaterials to be examined with high precision and have thus furthered the expansion and development of this field.
In particular, synchrotron grazing-incidence X-ray scattering (GIXS) has several advantages (Sinha et al., 1988; Levine et al., 1989; Rauscher et al., 1995; Tolan, 1999; Holy et al., 1999; Park et al., 2005; Renaud et al., 2009) : (i) a high-intensity scattering pattern is always obtained, even for films of nanoscale thickness, because the X-ray beam path length through the film plane is sufficiently long, which in contrast with microscopy provides statistical information over several ‡ Y. Rho and B. Ahn contributed equally to this work. square millimetres; (ii) the technique is fully nondestructive, provided that the sample withstands hard X-ray exposure; (iii) X-rays can be used to probe regions between the surface and buried interfaces, as well as within the bulk of the sample, by changing the incident angle so as to vary the probed depth; (iv) the technique can be applied in various environments, from ultra-high vacuum to gas atmospheres, even during phase transitions or chemical reactions, as well as in situ and in quasireal time when kinetic phenomena are involved; (v) there is no unfavourable scattering from the substrate on which the nanostructure is deposited; and (vi) the measurements usually require no special sample environment or preparation. Highquality GIXS data can usually be obtained by using a highbrilliance synchrotron radiation source. GIXS can usually be divided into two scattering regions, namely small-and wideangle regions, according to the length scale. Grazing-incidence small-angle scattering (GISAXS) can provide morphological information from nanometre to micrometre length scales, whereas grazing-incidence wide-angle X-ray scattering (GIWAXS) is sensitive to atomic arrangement and strain states. GIXS has emerged in the past decade as a powerful tool for the analysis of nanomaterials, including polymers, because of these advantages (Vignaud et al., 1997; Rauscher et al., 1999; Lazzari, 2002; Renaud et al., 2003; Leroy et al., 2003; Omote et al., 2003; Mueller-Buschbaum, 2003; Revenant et al., 2004; Gracin et al., 2004; Winans et al., 2004; Du et al., 2004; Xu et al., 2004; Busch et al., 2006; Tate et al., 2006; Stein et al., 2007; Yoon et al., 2007; Kim et al., 2008; Okuda et al., 2009 Okuda et al., , 2011 Jin et al., 2010; Wakita et al., 2010; Jiang et al., 2011) .
However, GIXS data analyses are generally conducted qualitatively rather than quantitatively. Even detailed data analyses with the distorted-wave Born approximation (DWBA) (Sinha et al., 1988; Levine et al., 1989; Rauscher et al., 1995) usually consider only the independent scattering amplitudes, as well as reflection and refraction effects, but neglect the contributions of the cross terms of the scattering amplitudes. As a rare case, Busch et al. (2006) noted that cross terms should be included for analysing their GIXS data from a lamellar structure. Moreover, in the extraction of onedimensional profiles from a measured two-dimensional GIXS pattern and their data analysis, there are no clear guidelines for the selection of the vertical and horizontal exit-angle conditions for the two-dimensional scattering data or for determining their effects on the one-dimensional data analysis. Even in GIXS measurements, the selection of the grazingincidence angle for nanomaterial samples and its effect on the measured scattering data and data analysis results have not been fully discussed.
In this study, we chose a model nanostructured polymer system, nanoporous polymethylsilsesquioxane (PMSSQ) dielectric thin films templated using triethoxysilyl-terminated six-arm poly("-caprolactone) (mPCL6) as a thermally sacrificial porogen, and attempted to characterize its structure using synchrotron GIXS measurements and comprehensive data analysis based on the DWBA. The measured two-dimensional GISAXS data were completely analysed using the DWBA and taking into account the cross terms of the scattering amplitudes in addition to the independent scattering amplitudes, as well as reflection and refraction effects. Moreover, we developed clear guidelines for setting the vertical and horizontal exit-angle conditions for the extraction of one-dimensional scattering profiles from the measured two-dimensional scattering data. We also investigated the influence of experimental conditions on the two-dimensional GIXS data and on data analysis.
Experiment

Materials
A soluble PMSSQ precursor with a weight-average molecular weight M w of 10 000 and containing ethoxy and hydroxy groups (GR650F) (Oh et al., 2002; Oh & Ree, 2004) was supplied by Techneglas Company (Perrysburg, OH, USA). An mPCL6 porogen (Heo et al., 2006) was synthesized and found to have an M w of 9600 and a polydispersity index of 1.11. A series of homogeneous solutions of the mPCL6 porogen and PMSSQ precursor in dry methyl isobutyl ketone (5 wt% solid) were prepared using porogen composition of 30 wt%. This solution was filtered with a polytetrafluoroethylene membrane microfilter of pore size 0.20 mm, spin coated onto precleaned Si(100) wafers, and then dried at 323 K for 1 h under a nitrogen atmosphere. The dried sample was heat treated at 673 K for 1 h under vacuum. The thickness of the dried film was found to be ca 100 nm by using a spectroscopic ellipsometer (model VASE, Woollam, Lincoln, NE, USA).
Measurements
GIXS measurements were carried out on the 3C and 9A beamlines at the Pohang Accelerator Laboratory (Bolze et al., 2002; . The samples were measured at a sample-to-detector distance of 2845 mm using an X-ray radiation source of wavelength = 0.170 nm, and imaged using a two-dimensional CCD detector (Roper Scientific, Trenton, New Jersey, USA), as shown in Fig. 1(a) . Each sample was mounted on a home-made z-axis goniometer equipped with a vacuum chamber. The incidence angle i of the X-ray beam was varied from 0.100 to 0.400 . Scattering angles were corrected according to the positions of the X-ray beams reflected from the silicon substrate interface with changing incidence angle i , and with respect to a pre-calibrated polystyrene-b-polyethylene-b-polybutadiene-b-polystyrene block copolymer standard. Aluminium foil pieces were employed as semi-transparent beam stops, because the intensity of the specular reflection from the substrate is much higher than that of GISAXS near the critical angle. Data were typically collected for 300 s.
Results and discussion
A schematic diagram of a film containing structural elements [i.e. scatterers; these are nanopores in the present study: see the high-resolution transmission electron microscopy (HRTEM) image in Fig. 1(b) ] supported on a silicon substrate is depicted in Fig. 1(c) . In such a film, GIXS can take place in various types of processes as a result of refraction and reflection effects at the surface and interface of the film and substrate, as shown in Fig. 1(d) . Thus, GIXS is generally regarded as much more complicated than conventional scattering. However, the GIXS of such a film is known to occur in four main processes: (i) the incident X-ray beam scatters without reflection; (ii) the reflected beam scatters; (iii) the scattered beam is reflected at the interface between the film and the substrate; and (iv) the scattered reflected beam is reflected once more ( Fig. 1d ) (Sinha et al., 1988; Levine et al., 1989; Rauscher et al., 1995; Tolan, 1999; Holy et al., 1999; Park et al., 2005; Tate et al., 2006; Stein et al., 2007; Renaud et al., 2009) .
As described in Figs. 1(c) and 1(d), in a film medium of thickness d, scattering occurs in the four main types of process and thus the scattering amplitude É sc (r) can be expressed as the sum of the four terms in the following :
Here F is the amplitude of the scattered wave from the scatterer in the film, k 0 is the modulus of the wavevector, the scattering vector q is defined as
where k z is the z-axis component of the wavevector, k z = k i (n 2 À cos 2 i ) 1/2 , k i = À2/ = Àk 0 , n is the refractive index of the film (n = 1 À + i, with a dispersion and an absorption term ), and i is the glancing angle of the incoming X-ray beam. T is the transmittance of the film and R is the reflectance of the interface between the film and the substrate, which can be calculated using the Parratt (1954) formalism The subscripts i and f indicate the incoming and outgoing X-ray beams, respectively. An asterisk (*) indicates the complex conjugate. Here, the size of the scatterer is assumed to be less than the film thickness d. It turns out that the wave equation of GIXS derived by the DWBA is quite Figure 1 (a) The geometry of GIXS. An incident X-ray beam impinges on the surface of a thin film at an angle i and then the scattered pattern is measured on a two-dimensional CCD detector, where f is the exit angle with respect to the film surface and 2 f is the scattering angle with respect to the plane of incidence. q x , q y and q z are the components of the scattering vector q. (b) An HRTEM image of a nanoporous PMSSQ dielectric prepared from a PMSSQ precursor sample loaded with 10.0 wt% mPCL6 porogen . (c) A schematic structural diagram of a nanoporous dielectric film deposited onto a silicon substrate. Medium 1 is a vacuum, Medium 2 is the porous dielectric film and Medium 3 is the silicon substrate. d is the thickness of Medium 2 (i.e. the porous dielectric film). (d) Schematic diagrams of four major scattering processes and others in a nanoporous film different from that of conventional X-ray scattering derived by the Born approximation (BA). Therefore, the intensity (I GIXS ) of the wave scattered from the film sample can then be expressed as follows :
where f is the angle between the scattered beam and the film surface (i.e. the out-of-plane exit angle), 2 f is the angle between the scattered beam and the plane of incidence (i.e. the in-plane exit angle), Re(x) is the real part of x, and I indep and I cross are the independent scattering and cross terms, respectively. I indep and I cross are further expressed as follows:
and
Here it is worth considering the ensemble average of the scattered intensities from scatterers in the film over the size distribution and other parameters related to the film and the scattering measurement. The ensemble average of I indep , which is expressed by equation (3), can be performed in a straightforward manner because it is always positive. In contrast, the ensemble average of I cross should be performed with care because I cross may be positive or negative depending on several factors Busch et al., 2006) . Using equations (2a) and (2b), we attempted to analyse GIXS data of nanoporous films quantitatively. Fig. 2 shows a representative two-dimensional GISAXS pattern of the nanoporous PMSSQ thin films imprinted with a 30 wt% mPCL6 loading, measured at i = 0.200 between the critical angles of the film and the silicon substrate ( c,f and c,s , respectively). As can be seen in the figure, brightly striped patterns appear along the 2 f direction at the exit angles f between c,f and c,s . These striped patterns are the intense scattering arising because of the combination of a type of standing-wave phenomenon and total reflection at the interface between the film and the substrate, as is often observed in specular X-ray reflectivity patterns (Bolze et al., 2001) . The fringes in the pattern are due to the film thickness. When the electric fields of the incoming and outgoing reflected X-ray beams are in phase at a certain incident angle, the electric fields of the X-ray waves interfere constructively and are waveguided through the film, consequently enhancing the intensity of the scattered waves from the scatterers (i.e. nanopores) inside the film.
To analyse the scattering data, we examined possible structural models (sphere, ellipsoid, cylinder, disc etc.) for the nanopores in the PMSSQ film and found that a uniform sphere model gives the best fit result for the nanopores. The nanopores were confirmed to be randomly dispersed in the film by HRTEM analysis (Fig. 1b) . Furthermore, we considered a local monodisperse approximation [as introduced by Kinning & Thomas (1984) and others (Pedersen, 1994; Weyerich et al., 1999; Revenant et al., 2004; Jedrecy et al., 2005) ] for positional correlation (i.e. structure factor) of the nanopores dispersed in the film and found that the measured scattering intensity from the nanoporous film is mainly dominated by the individual nanopores rather than their structure factor; the contribution of the structure factor is very small. Thus, we attempted to analyse the two-dimensional GIXS data by considering only a form factor for nanopores randomly dispersed in the film.
A uniform sphere is known to have a form factor P(q, l p ) in the following form (Kinning & Thomas, 1984; Pedersen, 1994) :
where l p is the radius of the sphere (i.e. nanopore). Taking this form factor, then for randomly dispersed spheres having polydispersity with a certain size distribution, the |F[q || ,
where C is a constant, v(l p ) is the nanopore volume and Im(x) is the imaginary part of x. components can be written as Im(q z ) = |Im(k z,f )| + |Im(k z,i )|. n(l p ) is the lognormal pore size distribution function
where l p is the pore radius, l o is the pore radius at the peak maximum and p is the width of the radius distribution. The |F [q || , Re(q m,z )]F*[q || , Re(q n,z )]| term in equation (4) can also be expressed as
In general, thin films have a certain degree of surface roughness. Thus, the perturbation of the scattering due to surface roughness can be considered with a Gaussian function
where R sr is the reflectance from a rough surface, R o is the reflectance from a smooth surface and sr is the roughness of the surface. Using equations (2) and (3)-(9), the experimental twodimensional GIXS pattern in Fig. 2 was analysed in detail. An in-plane scattering GISAXS profile was extracted from the two-dimensional GIXS pattern along the 2 f direction at f = 0.180 (Fig. 3a) . The in-plane scattering profile was found to be satisfactorily fitted using the independent scattering terms I indep [equation (3)] without taking account of the film surface roughness (i.e. I indep,R o in the figure) . The same fitting result was obtained using the independent scattering terms and taking the film surface roughness (i.e. I indep,R sr ) into account. The scattering profile is also satisfactorily fitted using the overall scattering terms, including the cross terms I cross [equation (4)], with and without consideration of the film surface roughness (I GIXS,R o and I GIXS,R sr ). All the fitted scattering profiles have the same shape. Moreover, these fits were found to be insensitive to variations in the film thickness d, surface roughness sr and absorption term . These data analyses determined only the pore size and size distribution.
The results are listed in Pore structures and properties of nanoporous PMSSQ dielectric films imprinted with 30 wt% mPCL6 porogen.
Porous dielectric films were prepared by thermal treatments of their PMSSQ precursor/mPCL6 porogen composite films at 673 K in a vacuum. I indep,R o is the scattering equation containing only independent terms. I GIXS,R o is the scattering equation containing independent and cross terms without surface roughness. I GIXS,R sr is the scattering equation containing independent and cross terms with surface roughness. l p is the pore radius determined from the peak maximum of the radius r and the number distribution of pores. p is the standard deviation in the pore radius. l p is the average pore radius determined from the radius r and the number distribution of pores. d is the film thickness determined from the out-of-plane profile. sr is the surface roughness of the film. c,f is the critical angle of the film determined from the out-of-plane scattering profile. e,f is the electron density determined from the critical angle of the film; e,f = c,f 2 /r e 2 , where r e is the classical radius of an electron (2.818 Â 10 À15 m) and is the wavelength of the X-ray beam. ' is the porosity estimated from the electron density of the film with respect to that (396 nm À3 ) of the PMSSQ film prepared without porogen loading. is the absorption term of the film.
Pore size and size distribution Properties pore radius distribution than those that use the overall scattering terms (I GIXS,R o and I GIXS,R sr ). In contrast, the I GIXS,R oand I GIXS,R sr -based analyses produce the same results for the structural parameters. These results show that in-plane scattering data can be successfully analysed in detail using either the independent scattering terms or the overall scattering terms derived for films containing spherical nanopores. Thus, the cross-scattering terms have no influence on the shape of the in-plane scattering profile, which is the crucial factor for determining the pore size and size distribution in a nanoporous film from the in-plane scattering profile. The in-plane scattering profile can therefore be analysed using only the independent scattering terms I indep . The in-plane scattering profile does not contain any signals due to the standing wave phenomenon or total reflection at the interface between the film and the substrate, and thus provides no information about the critical angle or thickness of the film. From the determined structural parameters, scattering intensity profiles were calculated using the independent scattering terms, the cross-scattering terms and the overall terms. As can be seen in Fig. 3(c) , the resulting scattering profiles have almost the same shape but different intensity levels. The independent and cross terms were found to contribute approximately 69 and 31%, respectively, to the intensity of the overall scattering profile. In fact, the contributions from these terms to the overall scattering vary depending on the incidence angle of the X-ray beam in the measurement. This is discussed further below.
This approach was extended to the out-of-plane scattering profile extracted along the f direction at 2 f = 0.100 from the two-dimensional GISAXS pattern in Fig. 2 . This scattering profile is apparently quite different from the in-plane scattering profile, because of the striped pattern in the low-angle region, which results from the combination of a type of standing wave phenomenon and total reflection at the interface between the film and the substrate, as mentioned above. The out-of-plane scattering profile was found to be adequately fitted using the independent scattering terms without taking any account of the film surface roughness (I indep,R o ). However, the scattering data in the low-angle region, including the fringes, could not be satisfactorily fitted (Fig. 3b) . The fitting of the oscillations in the low-angle region using the independent scattering terms and accounting for the film surface roughness (i.e. I indep,R sr ) was found to be much worse (Fig. 3d) . In contrast, the scattering data are better fitted with the overall scattering terms when the film surface roughness (I GIXS,R o ) is not taken into account, compared with the fits with I indep,R o (Fig. 3b ). However, the fitted profile has very sharp fringes in the low-angle region and thereafter a decay mode of oscillations with increasing scattering angle, in contrast with the measured data. The scattering profile is satisfactorily fitted using overall scattering terms and taking the film surface roughness (I GIXS,R sr ) into account (Fig. 3b ). These analysis results show that the independent and cross-scattering terms contribute significantly to the out-of-plane GIXS profile. The out-of-plane scattering profile is also influenced by the surface roughness of the film. These data analyses also confirm that the pores are randomly dispersed in the film. The data analyses were used to determine film properties such as film thickness, electron density and critical angle, in addition to the pore size and size distribution. From the determined electron density, the porosity of the nanoporous film was further estimated with respect to that (396 nm À3 ) of the PMSSQ film prepared with no porogen loading. The structural parameters and properties obtained are listed in Table 1 . The analysis of the out-of-plane scattering profile using the independent scattering terms I indep also results in a slightly smaller pore radius distribution than the analyses using overall scattering terms with and without taking account of the film surface roughness (I GIXS,R o and I GIXS,R sr ). Overall, the determined structural parameters are consistent with those obtained with the analyses of the in-plane scattering profile. However, the properties of the film were found to vary with the cross-scattering terms and surface roughness. Analysis using the independent scattering terms (I indep,R o and I indep,R sr ) indicates a thicker film and a greater electron density (i.e. a larger critical angle) than the data analyses using the overall scattering terms. Even for the data analysis using overall scattering terms, taking no account of the film surface roughness results in a slight overestimate of the film thickness. In the analyses of the out-of-plane scattering data, the independent and cross terms were also found to contribute approximately 69 and 31%, respectively, to the intensity of the overall scattering profile (Fig. 3d) .
In each of the above out-of-plane scattering data analyses, the absorption term of the nanoporous film with respect to the X-ray beam was also determined. The results are summarized in Table 1 . The absorption term was found to be overestimated by the exclusion of the cross-scattering terms but underestimated when no account was taken of the film surface roughness. The value obtained with the data analysis using overall scattering terms and taking the film surface roughness into account (3 Â 10 À8 ) is in good agreement with that obtained from the X-ray reflectivity analysis. (a) In-plane scattering profiles extracted at various positions from the two-dimensional GIXS pattern (Fig. 2) along the 2 f direction. (b) Outof-plane scattering profiles extracted at various positions from the GIXS pattern along the f direction. The symbols represent the measured data and the solid lines were obtained by fitting the data with the GIXS formulas [equations (2a) and (2b)]; here the film surface roughness was taken into account.
The above one-dimensional scattering profiles (i.e. the inplane and out-of-plane scattering profiles) were extracted from the two-dimensional GIXS data under selected conditions. The effects of these extraction conditions on the onedimensional scattering data analysis results need to be investigated. Thus, the in-plane and out-of-plane scattering profiles were extracted under various conditions from the two-dimensional scattering pattern in Fig. 2 and then analysed. As shown in Fig. 4 , all the extracted in-plane and out-of-plane scattering data were satisfactorily fitted using overall scattering terms and taking account of the film surface roughness (I GIXS,R sr ), regardless of the extraction conditions. The determined structural parameters and properties are consistent with those obtained above. These results confirm that the conditions of extraction of the one-dimensional scattering profiles from the two-dimensional GIXS pattern have no influence on the results for the structural information and film properties. However, the intensity of the extracted scattering profile is significantly dependent upon the extraction conditions. Thus, extraction conditions are required that provide an intense scattering profile (i.e. a high quality scattering profile).
In GIXS measurements, the penetration depth of an X-ray beam into a film is generally dependent on the grazing angle i with respect to the film plane (Tolan, 1999; Holy et al., 1999; Renaud et al., 2009) :
Here, the absorption term is defined by
where is the linear absorption coefficient, is the overall mass density of the sample and ! j is the weight fraction of the jth atomic component in the film sample. Using equations (10) and (11), the penetration depth of the chosen X-ray beam in the nanoporous film can be calculated. Owing to the penetration characteristics of the X-ray beam, GIXS can therefore provide depth-dependent structural information for a nanoporous film (Yang et al., 2008) . GIXS measurements were further conducted at various grazing angles over the range < c,f to > c,s . Some representative scattering patterns are shown in Figs. 5(a)-5(d), and their one-dimensional scattering profiles (extracted along the 2 f direction at f = 0.180 and along the f direction at 2 f = 0.100 ) are displayed in Fig. 6 . The most intense scattering patterns (i.e. the highest quality ones) were obtained at grazing angles (for example, i = 0.200 , for which the penetration depth of the X-ray beam into the film is much larger than the film thickness) between c,f and c,s . The scattering patterns are weaker in intensity for grazing angles below c,f (= 0.151 ) or above c,s (= 0.250 ). In particular, the scattering pattern measured at i = 0.100 (which is below c,f ) is very weak in intensity because of the very shallow penetration (approximately 2.3 nm) of the X-ray beam into the film. Furthermore, the fringes (which are due to the combination of a type of standing-wave phenomenon and total reflection at the interface between the film and the substrate) are very weak.
As shown in Fig. 6(a) , all the extracted in-plane scattering data are satisfactorily fitted using overall scattering terms and accounting for the film surface roughness (I GIXS,R sr ). Surprisingly, the in-plane scattering profile is also well fitted using (a)-(d) Measured and (e)-(g) reconstructed two-dimensional GIXS patterns for a nanoporous PMSSQ thin film imprinted with a 30 wt% mPCL6 loading. In the reconstructions of the two-dimensional GIXS images, the structural parameters in Table 1 (i.e. the data in the last row) were used.
Figure 6
(a) In-plane scattering profiles extracted along the 2 f direction at f = 0.180 from the GISAXS patterns measured at various incidence angles. (b) Out-of-plane scattering profiles extracted along the f direction at 2 f = 0.100 from the GIXS patterns measured at various incidence angles. The symbols are for the measured data and solid lines were obtained by fitting the data with the GIXS formula [equations (2a) and (2b)]; here the film surface roughness was taken into account. I GIXS,R sr , even though the penetration of the X-ray beam is very shallow. All the out-of-plane scattering data, except data measured at i = 0.100 , are also reasonably well fitted with I GIXS,R sr . However, the scattering data measured at i = 0.100 could not easily be fitted because of the very shallow penetration of the X-ray beam into the film. These analyses obtained structural parameters and properties that are consistent with those in Table 1 , regardless of the i values in the measurements. In particular, the pore size and distribution in areas close to the film surface are the same as those in the inner part of the film, which confirms that the pores are randomly dispersed through the whole film. These results show that structural parameters and properties can be obtained from quantitative GIXS analysis of two-dimensional scattering patterns measured at a grazing angle above the sample's critical angle when the X-ray beam penetrates the whole sample; otherwise, depth-dependent structural information can be obtained by performing quantitative GIXS analysis of the two-dimensional scattering patterns measured at various grazing angles to control the penetration depth of the X-ray beam into the sample.
We attempted to reconstruct the two-dimensional GIXS images by using the overall scattering terms I GIXS,R sr and the determined structural parameters and properties. The reconstructed scattering images are presented in Figs. 5(e)-5(g). All the reconstructed two-dimensional GIXS patterns are in good agreement with the measured scattering patterns (Fig. 5) , which confirms that the measured two-dimensional GIXS patterns were successfully analysed.
As discussed above, the intensity of the GIXS pattern of the nanoporous film varies with the grazing angle ( Figs. 5a-5d ). Further, the shape of the out-of-plane scattering profile varies with the grazing angle (Fig. 6b ). These variations might result from changes in the contributions of the four major scattering processes [ Fig. 1(d) , and see the four terms in equations (1) and (2a)] to the GIXS scattering pattern according to the changes in the grazing angle. Thus, we tried to assess the contributions of the four major scattering processes to the scattering pattern as functions of the grazing angle. For this aspect of our study, we examined the in-plane scattering profile, because only its intensity varies with grazing angle, and attempted to determine changes in its invariant Q as a function of grazing angle. The invariant Q can be expressed by the following relation:
Using the determined structural parameters and property data (Table 1) , the in-plane scattering profile extracted along the 2 f direction at f = 0.180 and its individual component terms were calculated with the above-derived GIXS formula as a function of grazing angle, and then their Q invariants were obtained. The resulting Q invariants are presented in Fig. 7 as functions of grazing angle. The invariant Q of the overall scattering terms in equations (2a) and (2b) [Q(I GIXS,R sr )] increases almost exponentially with increasing i up to i = c,f , then oscillates in decay mode up to i = c,s , and thereafter decreases gradually (Fig. 7a ). Similar Q variations with i are observed for the first and second scattering terms in equation (3) [Q(I Term1 ) and Q(I Term2 )]. However, the oscillations in the region c,f < i < c,s are different in mode to those of Q(I GIXS,R sr ) and weaker. Moreover, their overall levels are lower than that of Q(I GIXS,R sr ). The level of Q(I Term2 ) is much lower than that of Q(I Term1 ). In contrast, the invariants of the third and fourth terms in equation (3) [Q(I Term3 ) and Q(I Term4 )] have quite different variations with i (Fig. 7a) : they are both negligible at i < c,f ; at i = c,f they become stronger, then increase dramatically with increasing i , before a gradual increase with further increases in i up to i = c,s . Thereafter they decay very rapidly with i . Overall, both Q(I Term3 ) and Q(I Term4 ) are highly dependent on i . The level of Q(I Term3 ) is much greater than that of Q(I Term4 ). The invariant of the cross-scattering terms in equation (4) [Q(I cross )] also shows a high dependency on i (Fig. 7b ). This invariant increases very slowly in the low i region and then increases exponentially as i nears c,f , with oscillations in the region c,f i c,s . Some parts of the oscillation pattern have negative values, depending on i . At i > c,s , Q(I cross ) still oscillates weakly but has positive values. Overall, Q(I cross ) is also highly dependent on i .
The above results provide important insights into GIXS data from a nanoporous film, as follows. The two-dimensional GIXS pattern of a nanoporous film and its individual scattering terms [i.e. the independent and cross terms in equations (3) and (4)] are significantly dependent on the grazing angle. In particular, the contribution of each term in equations (2a) and (2b) (i.e. of the four major scattering processes) to the GIXS intensity (I GIXS,R sr ) is highly dependent on the grazingangle regime. In the first i regime, i < c,f , and the main contributions to I GIXS,R sr are those of the first and second terms [equation (3) The contributions to the overall scattering intensity of an in-plane scattering profile extracted along the 2 f direction at f = 0.180 from the two-dimensional GISAXS pattern of a nanoporous film with the structural parameters shown in Table 1 (the data in the last row) as a function of incidence angle. (a) The four major scattering processes shown in Fig. 1(c) [i.e. the four terms of equations (1) and (2a) in increasing order, I Term4 ' I Term3 << I cross << I Term2 < I Term1 .
In the second i regime, c,f i c,s , all terms contribute significantly to I GIXS,R sr . Their contributions to the GIXS intensity are, in increasing order, I Term4 < I Term2 < I Term3 < I Term1 . It is hard to compare I cross directly with the four independent terms, since I cross is positive or negative in sign depending on the grazing angle in this range. For example, at a grazing angle of 0.200 , I cross is comparable to I Term1 , while I cross is just 10% of I Term1 at a grazing angle of 0.210 . In the last i regime, i > c,s , all terms also contribute to I GIXS,R sr . In this case, their contributions to the GIXS intensity are, in increasing order, I Term4 ' I Term3 << I Term2 < I cross < I Term1 .
For a deeper understanding of GIXS and data analysis, it is worthwhile here to extend our discussion of the cross terms. I cross is positive or negative in sign depending on the grazing angle between the critical angles of the film and the substrate. In other words, the terms of I cross [equation (4)] are not always in the same phase. The sign of I cross is also dependent on the refractive index and thickness of the film, on the pore-size distribution within the film, and on the divergence and incoherence of the incoming X-ray beam. The frequency of the phase (i.e. positive or negative) variation becomes higher as the film thickness increases. Thus, the ensemble average of I cross often either vanishes completely or is sufficiently small that it can be neglected because of the varying contributions of these factors. For instance, as can be seen in Fig. 7(b) , the ensemble average of I cross is zero at certain grazing angles such as 0.155, 0.170 and 0.185 . Even though I cross does not affect the determination of the pore size and size distribution of the nanoporous film, as discussed above, its contribution to the overall GIXS intensity cannot be ignored at most grazing angles. Moreover, the cross terms are necessary for the determination of the film properties. In particular, the cross terms are more sensitive to the oscillations arising from the thickness of the film, which is crucial to the determination of the absorption term of the film.
Conclusions
Nanoporous PMSSQ dielectric thin films supported on silicon substrates (prepared with an mPCL6 porogen loading of 30 wt%) were chosen as model nanomaterials, and their structural details were investigated by performing synchrotron GIXS measurements and comprehensive data analysis based on the DWBA. This study confirms that, in the nanoporous film, GIXS arises via four major scattering processes. Of these processes, scattering of the incident X-ray beam without reflection was found to predominate over the whole range of possible grazing angles (i.e. from below the critical angle of the film to above the critical angle of the substrate) in the GIXS measurements; the other scattering processes and their contributions are significantly dependent on the grazing angle selected for the scattering measurements. Furthermore, this study found that high-quality GIXS data are necessary for determining the structural details of a nanoporous film. Such data can be obtained at a grazing angle between the critical angles of the film and the substrate; depth-dependent struc-tural information can be determined from scattering data obtained by varying the grazing angle.
The measured two-dimensional scattering data were analysed successfully using the full GIXS formula (which includes the independent terms of the four major scattering processes and their cross terms) derived for spherical nanopores buried in a dielectric film by considering the pore structure factor, pore size distribution, film thickness, absorption term and surface roughness. This comprehensive data analysis was used to determine the structural details of the nanoporous dielectric films and their properties. Nanopores templated with a thermally sacrificial mPCL6 porogen were found to be randomly dispersed in the film, with no regular packing order. This study also confirms that GIXS scattering can be analysed by employing only the independent scattering terms, but this simple data analysis can provide only structural parameters. This approach was found to be suitable for the analysis of one-dimensional in-plane scattering profiles extracted from two-dimensional GIXS data, but has some limitations in the analysis of one-dimensional out-of-plane scattering profiles. The cross terms were found to make small contributions to the overall scattering intensity but they are necessary for the complete characterization of the measured two-dimensional GIXS data, in particular of the extracted outof-plane scattering data, in order to determine the film properties such as film thickness, critical angle (i.e. electron density), refractive index and absorption term. The cross terms were found to be positive or negative in sign, depending on the grazing angle, and are also dependent on the film refractive index, thickness and pore-size distribution, as well as on the divergence and incoherence of the incoming X-ray beam.
